1. Introduction {#s0005}
===============

Progesterone (PGT) is a natural steroid hormone involves in the preservation of normal physiology of female reproductive system. In this way, exogenous PGT is used as medication in the prevention of preterm birth, in luteal phase support for *in vitro* fertilization, in hormone replacement therapy and in endometrial hyperplasia and primary endometrial carcinoma treatment ([@b0215]).

PGT can be administered by different routes: oral, intramuscular and vaginal; having many options for its formulation ([@b0215], [@b0005], [@b0055]). In general, the current commercially available formulations present advantages and drawbacks. For example: capsules for oral administration allow achieving low endometrial concentrations of the drug because of the first pass metabolism by the liver; and intramuscular injections can cause pain and irritation at the injection site reducing the patient\'s compliance and the therapeutic efficacy. The use of vaginal route can cause vaginal discharge, irritation and mild application site reactions. Nevertheless, it exhibits a preferential absorption, since the drug is transported directly to the uterus ([@b0005], [@b0055], [@b0045], [@b0130]).

Crinone® is a white soft gel commercially available in boxes containing 6, 15 or 18 applicators. The applicator is designed to deliver a pre-measured dose of the gel directly into the vagina. This gel showed an efficacy comparable to intramuscular formulations, achieving a stable endometrial PGT concentration with low serum levels, while reducing adverse systemic effects ([@b0180], [@b0235], [@b0185], [@b0265]). The carrier vehicle is an oil-in-water emulsion. However, the PGT is only partially soluble in both phases; the majority of the hormone exists as a suspension in micronized scale. In addition, its main components are cross-linked acrylic acid polymers (carbopol and polycarbophil), which accumulate in the tissue generating vaginal irritation, painful sexual intercourse and other side effects ([@b0035]).

In pharmaceutical technology, the design and development of novel drug delivery systems aim to increase efficiency of drug delivery and safety in the course of administration and treatment, providing more convenience for the patient. During the optimization of PGT formulations, increasing its aqueous solubility is one of the first problems to be overcome. In some dosage forms, it is necessary the use of oils owing to PGT being practically insoluble in water (7 mg/L or 22.26 μM, at 25 °C). Cyclodextrins (CDs) are cyclic oligosaccharides produced by selective enzymatic synthesis from starch. CDs have a three-dimensional structure with a hydrophobic cavity and a hydrophilic exterior, making them useful tools to improve the aqueous solubility of insoluble (or lowly soluble) drugs. Since they are natural products, they have a very low toxic effect and can be used in medicines, food and cosmetics ([@b0175], [@b0135]). In addition to natural CDs, chemically modified CDs are extensively used. In general, CDs consist of 6, 7 or 8 glucopyranose units, linked by α-(1--4) bonds, known as α-, β- and γ-CDs, respectively ([@b0175], [@b0165]). The hydrophobicity of their internal cavity provides them the capacity to act as a host and form stable structures, called inclusion complexes (ICs), with other molecules of very diverse nature (guest). These complexes exhibit new physicochemical characteristics, since bioavailability, water solubility, stability in light presence, heat or oxidation conditions of the included drug are improved, at the same time that unwanted side effects may decrease ([@b0030], [@b0040], [@b0225]). ICs between PGT and natural or modified CDs have been prepared by different methods such as precipitation, freeze-drying and spray-drying, providing remarkable improvement in PGT water-solubility ([@b0215], [@b0115], [@b0280], [@b0025], [@b0130]).

With the advent of *in vitro* fertilization and other assisted reproductive procedures, vaginal formulations of PGT became again the focus of research and one option to administer PGT through this route is gels. CHT is a biodegradable and biocompatible linear polymer which can be used in pharmaceuticals formulations as *in situ* thermosensitive hydrogels ([@b0170]). In addition, CHT gels have been proposed for vaginal delivery of different active ingredients. This polymer possesses remarkable features such as good mucoahesion which improve the retention of the formulation inside the vagina, antimicrobial attributes, and suitable mechanical, release and penetration enhancer properties ([@b0015], [@b0255], [@b0060]). CHT gels developed for the vaginal delivery of oxybutynin presented the easiest application in comparison to other formulations and histological studies showed that the drug was absorbed without damaging the tissue due to the polymer has preventative effect against cell damage ([@b0250]). Stability and durability studies performed on a CHT based gel for vaginal application of PGT suggested extended residence time due to mucoadhesion and thermosensitive properties of the polymer ([@b0005]). The aim of our work was the preparation of gels based on CHT and PGT/randomly methylated-β-cyclodextrin complexes. The CHT gel with ICs and Crinone® commercial product were tested in a release experiment to compare the delivery of the hormone and its diffusion performance through porcine epithelial mucosa obtained from vaginal tissue. Therefore, CHT gels containing ICs were studied as an alternative formulation for vaginal application of PGT.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

PGT (MW = 314.45 g/mol, purity 99.2%) was acquired in Farmabase (Italy). RAMEβ-CD, (MW = 1291.8 g/mol, Degree of substitution = 12) was purchased from Cyclolab (Hungary). β-CD (MW = 1135 g/mol) was donated (Roquette, France). Crinone® 8% gel (Merck-Serono) was purchased at a local supplier. CHT (MW = 600,000 g/mol, Degree of deacetylation = 75--85%) was purchased from China Easter Group (China). β-glycerophosphate disodium salt (GP) was kindly provided by Surfactan S.A. (Argentina). The water was of Milli-Q quality (Millipore, USA). Ethanol (EtOH), acetic acid and lactic acid were analytical grade (Cicarelli, Argentina). Methanol (MeOH) was HPLC grade (Merck, Germany). Isotonic phosphate buffer saline with EtOH (PBS-EtOH, 80:20 v:v, pH = 7) was prepared by mixing 800 mL of PBS with 200 mL of EtOH. PBS was prepared by dissolving 8 g of NaCl, 0.2 g of KCl, 0.2 g of KH~2~PO4, 1.44 g of Na~2~HPO~4~·2H~2~O in 1 L of water. Simulated vaginal fluid (SVF, pH = 4.2) was prepared by dissolving: 3.51 g NaCl, 1.4 g KOH, 0.222 g Ca(OH)~2~, 0.018 g of bovine serum albumin, 2 g of lactic acid, 1 g of acetic acid, 0.16 g of glycerol, 0.4 g of urea and 5 g of glucose in 1 L of water ([@b0160]). Potassium bromide (KBr) and reagents of PBS and SVF solutions were analytical grade (Anedra, Argentina).

2.2. PGT quantification by HPLC {#s0020}
-------------------------------

The concentration of PGT was determined by a HPLC system (Prominence Series 20A, Shimadzu). The chromatographic separation was performed using a Zorbax Eclipse XDB-C18 column (250 × 4.6 mm, 5 μm pore size) (Agilent). The conditions of analysis were: oven temperature 30 °C, mobile phase MeOH:water (95:5, v:v), flow rate 1 mL/min and the wavelength of detection 254 nm ([@b0090]).

A stock solution of PGT (300 μg/mL) in MeOH was prepared. In order to verify the linearity of the analytical procedure within a concentration range of 1--100 μg/mL of PGT, six concentration levels of standard solutions were prepared in mobile phase and analyzed in triplicate. The calibration curve (Absorbance as a function of PGT concentration) was fitted to a straight line using linear regression analysis. Experimental samples were diluted in mobile phase as necessary.

2.3. Phase solubility studies {#s0025}
-----------------------------

Phase solubility diagrams were obtained following the methodology developed by [@b0095]. A fixed amount of PGT (in excess) and increasing amounts of CD (β-CD: 0--2 mM or RAMEβ-CD: 0--150 mM) were placed in amber glass containers with a specific solvent (water or water:EtOH 50:50, v:v). The containers were stored at 37 °C with orbital shaking (100 rpm) for 1 week. Once the equilibrium was reached, the containers were centrifuged, the supernatants were filtered (0.22 μm) and the concentration of PGT was measured by HPLC. Each experiment was performed in triplicate.

The linear portion of the solubility diagrams was fitted to a straight line with slope and intercept. The Apparent 1:1 Stability Constant (K~1:1~) was calculated according to the Higuchi-Connors equation ([@b0095]):$$K_{1:1} = \frac{Slope}{S_{o} \cdot {(1 - Slope)}}$$where S*~o~* is the intrinsic solubility of PGT in the solvent without CD (y-intercept) and Slope is the slope of the straight line.

In addition, the Complexation Efficiency (CE) was calculated (Eq. [(2)](#e0010){ref-type="disp-formula"}). This parameter was proposed by [@b0135] and relates the concentration of CD that forms a complex and the concentration of free CD:$$CE = \frac{Slope}{(1 - Slope)}$$

2.4. Preparation of PGT/CD inclusion complexes {#s0030}
----------------------------------------------

PGT/RAMEβ-CD ICs were obtained by the freeze-drying method. First, PGT was dissolved in EtOH and a proportional amount of RAMEβ-CD was dissolved in water (PGT:RAMEβ-CD molar ratios 1:1; 1:5; 1:10 and 1:20). Both solutions were mixed and magnetically stirred for 15 min. Then, the containers were placed in an ultrasonic bath for 5 min. The organic solvent was removed under reduced pressure with a rotary evaporator and the solution was centrifuged to remove reagents that did not form a complex. The supernatant was frozen at −80 °C and freeze-dried for 24 h at 1 mbar pressure in a laboratory freeze dryer (Cryodos −80, Telstar).

In order to evaluate the inclusion procedure, efficacy and yield were calculated.

The mobile phase used for PGT quantification by HPLC contains MeOH, then it can dissolve the free and the included PGT. In water, only the included PGT will be dissolved ([@b0010]). The same amount of sample was dissolved in water and in mobile phase and the solutions were analyzed by HPLC.

The Inclusion Efficacy (E~%~) was calculated according to the following equation:$$E_{\%} = \frac{C_{water}}{C_{Mobile\mspace{900mu} phase}} \cdot 100$$where *C~water~* and *C*~*Mobile\ phase*~ are the PGT concentrations in the sample dissolved in water and mobile phase, respectively. An E~%~ value near 100% was considered as a successful interaction and/or formation of complexes between PGT and RAMEβ-CD.

The Inclusion Yield (Y~%~) was calculated according to the following equation:$$Y_{\%} = \frac{{PGT}_{final}}{{PGT}_{initial}} \cdot 100$$where *PGT~final~* is the mass of PGT recovered at the end of the freeze-dried procedure in the total lyophilized material and *PGT~initial~* is the initial mass of PGT used to prepare the ICs.

2.5. Characterization of PGT/CD inclusion complexes {#s0035}
---------------------------------------------------

### 2.5.1. Differential scanning calorimetry {#s0040}

Approximately 5 mg of the sample were weighed into aluminum capsules and tested on a Mettler DSC821e thermal analyzer (Mettler Toledo). All the assays were carried out under controlled nitrogen atmosphere and with a heating rate of 10 °C/min. The samples were PGT, RAMEβ-CD, and both the physical mixture and the IC in a 1:1 molar ratio.

### 2.5.2. Nuclear magnetic resonance {#s0045}

Nuclear magnetic resonance spectra were obtained using an AVANCE 300 MHz spectrometer (Bruker). The samples (PGT and the IC in a 1:1 molar ratio) were dissolved in deuterated chloroform (CDCl~3~) at 25 °C. A chemical shift (δ) of 7.26 ppm for CDCl~3~ was used as internal reference.

The variation of chemical shift (Δδ) of the protons in the PGT due to the inclusion of the hormone into the cavity of the CD was calculated applying the following equation:$$\Delta\delta = \delta_{IC} - \delta_{Free}$$where *δ~IC~* is the proton shift of the PGT in the IC and *δ~Free~* is the proton shift of the PGT when it is free i.e. not included.

### 2.5.3. Dynamic light scattering {#s0050}

The hydrodynamic size and size distribution measurements were carried out by dynamic light scattering using a Zetasizer Nano-ZS (Malvern). A sample of the RAMEβ-CD and the IC in a 1:5 molar ratio were dissolved in Milli-Q water and placed in a polystyrene cuvette (dimensions: 1.0 × 1.0 cm). The sample was irradiated with a He-Ne laser (λ = 633 nm) at 25 °C. The refractive index was set at 1.33 and the viscosity at 0.8872 cP. The intensity of the scattered light was detected with a backscattering angle of 90°.

### 2.5.4. Scanning electron microscopy {#s0055}

Micrographs were obtained by observation with a Phenom ProX Desktop Scanning Electron Microscopy (Thermo Fisher). The observations were made using an acceleration voltage of 15.0 kV. The samples were: PGT, RAMEβ-CD, and both the physical mixture and the IC in a 1:5 molar ratio.

2.6. CHT gels with inclusion complexes {#s0060}
--------------------------------------

CHT (2% w/w) was dissolved in an acetic acid solution (0.15 M). GP (35% w/w) and the PGT/RAMEβ-CD ICs were dissolved together in water. Both solutions were mixed and allowed to gel at 37.5 °C ([@b0170]).

The gels were characterized by Fourier-transform infrared spectroscopy, scanning electron microscopy, stability in SVF and rheological measurements. Infrared spectroscopy studies were performed on a FTIR-8201 PC spectrometer (Shimadzu), in the frequency range of 400--4000 cm^−1^ at a resolution of 8 cm^−1^ and 40 scans per spectrum. A weighed amount of sample was blended with KBr and compressed to obtain disks. The concentration of each sample in the disk was approximately 1% in order to obtain more defined spectra.

Microscopic observations were carried out with a Phenom ProX Desktop Scanning Electron Microscopy (Thermo Fisher). The samples were frozen and freeze-dried before observations.

The stability of the CHT gel with ICs and the commercial gel (Crinone®) in SVF (pH = 4.2) was determined. A weighed amount of the gels was placed in baskets-type containers that were submerged in 20 mL of SVF and were maintained at 37 °C. At different times the baskets with the gels were gently removed and weighed.

Rheological measurements were performed on a rheometer (Haake RheoStress RS80, Haake Instrument Inc.) with parallel plates (35 mm diameter, 2 mm gap). The temperature of the lower plate was maintained at 37 °C with a circulating bath water. Sand paper in the upper plate was used to eliminate slippage ([@b0195]). The linear viscoelastic region was determined by performing strain sweep tests from 0.01 to 0.1 at 10 Hz. Frequency sweep tests were performed from 0.1 to 10 Hz at strain amplitude of 0.03 (strain deformation within the linear viscoelastic region). The dynamic rheological data obtained included the 2 components of complex shear modulus (G\*): the storage modulus (G′) and the loss modulus (G″), and the complex viscosity (\|η\*\| = \|G\*\|/ω, ω = frequency of oscillation). The samples were CHT gel + IC and Crinone® freshly prepared and after 15 min of immersion in SVF (37 °C). Each experiment was performed in triplicate.

2.7. *In vitro* release experiments {#s0065}
-----------------------------------

Release experiments were performed using a vertical Franz diffusion cell (PermeGear Inc., USA), with a diffusion area of 1.77 cm^2^ and 12.0 mL of receptor compartment volume.

Porcine vaginal tissue, obtained from females between 5 and 6 months of age, was donated by a local slaughterhouse (Figan, Santa Fe, Argentina). Immediately after the animals were sacrificed, the vaginal tissue was removed and placed in PBS until it arrived at the laboratory.

The epithelial mucosa was carefully separated, fractionated and stored at −80 °C. The day before the experiment, a sample of the tissue was thawed and stabilized in buffer solution. Subsequently, it was placed between both compartments with its luminal face towards the donor compartment. The delivery systems tested in the donor compartment were: PGT solution, ICs solution, CHT gel + ICs and commercial gel. The solutions were prepared in SVF:EtOH 80:20 (v:v). In the case of the gels, 0.25 mL of SVF were placed over them to mimic the vaginal environment conditions and prevent gel dryness. The donor compartment was covered to avoid evaporation. The receptor compartment was continuously stirred and maintained at 37.5 °C. EtOH was used to ensure the solubility of the hormone ([@b0190]). The initial concentration of PGT in the four systems was the same. Samples of 200 μL were withdrawn at regular intervals of time and replaced with fresh medium. The amount of PGT was quantified by HPLC. Each assay was performed in triplicate.

The percentage of accumulated PGT (%) was represented as a function of time (t).

The permeation profiles were compared using the difference (f~1~) and similarity (f~2~) factors ([@b0020]). These factors were calculated by the following equations:$$f_{1} = \frac{\sum_{t = 1}^{n}\left| {R_{t} - T_{t}} \right|}{\sum_{t = 1}^{n}R_{t}} \cdot 100$$$$f_{2} = 50 \cdot log\left\{ {\left\lbrack {1 + \left( \frac{1}{n} \right)\sum_{t = 1}^{n}\left| {R_{t} - T_{t}} \right|^{2}} \right\rbrack^{- {0,5}} \cdot 100} \right\}$$where *n* is the number of samples, *R~t~* and *T~t~* are the percentages of drug released from the reference product and the system to be evaluated, respectively, for each time *t*. Two profiles were considered equivalent when the value of f~1~ is less than 15 and f~2~ is in the range 50--100 ([@b0020]).

2.8. Statistical analysis {#s0070}
-------------------------

ANOVA and Fisher test were used to compare two or more means, respectively.

3. Results and discussion {#s0075}
=========================

3.1. Phase solubility studies {#s0080}
-----------------------------

Solubility diagrams for the β-CD and the RAMEβ-CD are presented in [Fig. 1](#f0005){ref-type="fig"}A and B, respectively. Although the study do not verify the formation of the ICs, they describe how the drug solubility increases when CD concentration increases ([@b0175]), providing valuable information about their interaction. Solubility diagrams of the PGT with β-CD in water ([Fig. 1](#f0005){ref-type="fig"}A) showed a behavior of the B~s~ type, according to the classification of [@b0095]. This suggests the formation of complexes of limited solubility in water ([@b0260], [@b0115]). Solubility diagrams of the PGT with RAMEβ-CD ([Fig. 1](#f0005){ref-type="fig"}B) presented typical curves of the A~L~ type. The diagrams showed that the PGT solubility increases linearly with the concentration of RAMEβ-CD throughout the range of CD concentrations studied, due to the formation of soluble complexes. [@b0115] evaluated the behavior of PGT with a trimethylated β-CD and [@b0150] with a dimethylated β-CD. These authors reported A~L~ type profiles. The PGT solubility in the absence of RAMEβ-CD (S~o~) was greater in the solution with EtOH in comparison to water. The addition of an organic cosolvent renders the mixture more favorable for the dissolution of a hydrophobic solute such as PGT ([@b0135]).Fig. 1Phase solubility diagrams of PGT (A) with β-CD in water and (B) with RAMEβ-CD in water and in water:EtOH 50:50 v/v.

[Table 1](#t0005){ref-type="table"} shows the values of S~o~ (y-intercept), K~1:1~ and CE, calculated with Eqs. [(1)](#e0005){ref-type="disp-formula"}, [(2)](#e0010){ref-type="disp-formula"}, respectively. K~1:1~ value for the RAMEβ-CD in water indicated a strong affinity of the CD for the PGT ([@b0150], [@b0115], [@b0155]). This behavior is due to the high hydrophobicity of the PGT (partition coefficient in an octanol-water system: P~oct~ = 7410; [@b0245]). Also, the K~1:1~ obtained in water (74526.09 M^−1^) was higher than that obtained for the mixture water:EtOH (27.13 M^−1^). As the organic portion of the medium increases, the apparent constant decreases due to a reduction of the polarity of the medium ([@b0135]).Table 1Solubility (S~o~), Apparent Stability Constants (K~1:1~) and Complexation Efficiencies (CE) values.CDSolvent (v:v)S~o~ (mM)K~1:1~ (M^−1^)CEWaterEtOHβ-CD100--0.0106 ± 0.000146256.79 ± 3614.410.489 ± 0.035^a^RAMEβ-CD100--0.0058 ± 0.004174526.09 ± 3326.720.433 ± 0.004^a^505013.36 ± 2.2427.13 ± 8.160.362 ± 0.036^b^[^1]

The value of the constant for the β-CD (46256.79 M^−1^) indicated that the CD is also very effective in forming stable complexes. The difference in the PGT interaction with natural CD and its methylated derivative could be explained taking into account the differences in aqueous solubility ([@b0200]). In the RAMEβ-CD, the methyl groups, increase the hydrophobicity of the cavity and facilitate drug binding ([@b0050]).

The estimation of K~1:1~ is affected by the value of the solubility. Therefore, [@b0135] proposed the calculation of CE. This parameter is independent of the solubility and it is more suitable for the determination of the solubilizing effect of CDs. The CE values agreed with typical values reported for aqueous media (CE~average~ \~ 0.3) ([@b0135]). The CE obtained for the CDs in water (β-CD = 0.489 and RAMEβ-CD = 0.433) were slightly higher (p \< 0.05) than that obtained for the mixture water:EtOH (0.362). Therefore, in water, 1 of each 3 CD molecules is assumed to form a water soluble complex. For RAMEβ-CD in water:EtOH, 1 of each 4 CD molecules formed a water soluble complex ([@b0140]). Both CDs can form stable complex with PGT. Nevertheless, RAMEβ-CD was selected for the preparation of the ICs based on its excellent aqueous solubility and due to the obtained complexes also being soluble.

3.2. Preparation of PGT/CD inclusion complexes {#s0085}
----------------------------------------------

The preparation of the complexes was carried out using water and water:EtOH (50:50, v:v) as solvents. Although most of the studies report 1:1 or 1:2 molar ratios (PGT:CD), experiments with higher ratios were done in order to evaluate their effect on the ICs formation. Inclusion Efficacy (E~%~) and Inclusion Yield (Y~%~) were calculated with Eqs. [(3)](#e0015){ref-type="disp-formula"}, [(4)](#e0020){ref-type="disp-formula"}, respectively. In general, these parameters are not reported in the bibliography; however, they are very useful to evaluate the inclusion method. The ICs prepared in water presented E~%~ values greater than 90%, but Y~%~ values were lower than 40%. For this reason, water:EtOH was the solvent selected for the ICs preparation throughout the work.

In [Table 2](#t0010){ref-type="table"}, E~%~ and Y~%~ for ICs prepared in water:EtOH are presented. E~%~ was greater than 95% when RAMEβ-CD concentration increased up to a molar ratio of PGT:RAMEβ-CD 1:10. Any further increase in CD concentration (1:20) decreased E~%~, probably due to CD precipitation ([@b0070], [@b0075]). Regarding Y~%~, this value was in the range of 77--91 % for molar ratios equal or higher than 1:5. For the molar ratio 1:1, Y~%~ was the lowest (p \< 0.05). When higher CD concentrations are used, the CD + PGT ↔ IC equilibrium is displaced to the complexes formation. In addition, other structures between the PGT and the RAMEβ-CD, such as non-inclusion complexes or aggregates can coexist with the ICs ([@b0220], [@b0140]). Also, there is an increase in variability with an increase in the concentration of CD. The molar ratio 1:5 was selected for the preparation of ICs for the *in vitro* release experiments due to E~%~ and Y~%~ presented the best values with the less CD concentration.Table 2Inclusion Efficacy (E%) and Inclusion Yield (Y%) for PGT/RAMEβ-CD inclusion complexes.COMPLEXPGT:RAMEβ-CD (mol:mol)E (%)Y (%)IC~1~1:195.23 ± 4.22^a^47.95 ± 7.72^b^IC~2~1:598.25 ± 2.74^a^82.12 ± 11.04^a^IC~3~1:1099.56 ± 0.76^a^77.50 ± 19.64^a^IC~4~1:2086.74 ± 2.57^b^91.33 ± 12.80^a^[^2]

3.3. Characterization of PGT/CD inclusion complexes {#s0090}
---------------------------------------------------

In order to verify the formation of the ICs, thermal analysis, proton nuclear magnetic resonance, dynamic light scattering and scanning electron microscopy experiments were carried out. The thermal behavior of PGT, RAMEβ-CD, and both the physical mixture and the lyophilized IC in a 1:1 molar ratio was studied ([Fig. 2](#f0010){ref-type="fig"}). PGT thermogram showed the characteristic melting peak of the drug at 130.9 °C ([@b0115], [@b0270], [@b0120]). In the physical mixture thermogram, a shift of the PGT endothermic peak to a slightly lower temperature (127.9 °C) was observed. According to [@b0115], the explanation could be the existence of a very weak interaction at high temperatures between the PGT and the CD. In the IC thermogram, the absence of the melting peak of the PGT supported the formation of the complex ([@b0115], [@b0025]). RAMEβ-CD did not produce any peaks of interest in the studied temperature range.Fig. 2Thermal transitions of PGT (red), RAMEβ-CD (yellow), 1:1 PGT/RAMEβ CD physical mixture (blue) and 1:1 PGT/RAMEβ-CD IC (green).

The chemical structure with numbering of protons for each molecule is shown in [Fig. S1](#s0115){ref-type="sec"}. The nuclear magnetic resonance spectra obtained for the PGT and the IC are presented in [Fig. 3](#f0015){ref-type="fig"}. Inner protons of the RAMEβ-CD (H3 and H5), and protons H4, H18, H19 and H21 of the PGT ([Fig. S1](#s0115){ref-type="sec"}) are the most affected during inclusion of the drug into the cavity of the CD ([@b0070], [@b0210], [@b0275]). A well-resolved nuclear magnetic resonance spectrum for the RAMEβ-CD was not obtained, possibly due to the presence of residual β-CD content. As a result, only some of the signals could be identified unambiguously. Signals of H3, H5 and H6 produced wide peaks caused by overlapped signals. For this reason, IC formation between PGT and RAMEβ-CD was studied only on the basis of the chemical changes of the drug ([@b0110], [@b0080]). The variation of chemical shift (Δδ) of the protons in the PGT due to the inclusion was calculated ([Table 3](#t0015){ref-type="table"}). The greatest change was observed in H4, indicating that A ring may be the part of PGT involved in IC formation ([@b0260]).Fig. 3Proton nuclear magnetic resonance spectra of PGT (red) and the IC (green).Table 3Chemical shift values (δ) of protons of the free and included PGT and values of the chemical shift differences (Δδ).PGTProtonδ~Free~ (ppm)δ~IC~ (ppm)Δδ (ppm)H (4)5.7215.7340.013CH~3~ (18)0.6550.6640.009CH~3~ (19)1.1751.1820.007CH~3~ (21)2.1122.1210.009

IC and RAMEβ-CD were characterized by dynamic light scattering. Hydrodynamic diameter based on number (Dn) and polydispersity index (PDI) of the samples were obtained. One population was observed in the RAMEβ-CD sample, corresponding to monomeric CD (Dn: 1.1 ± 0.3 nm) with PDI value of 0.567 ± 0.014, which would indicate the presence of some CDs aggregates. The sample with the complexes also displays one population (Dn: 142.8 ± 6.8 nm, PDI: 0.199 ± 0.011) that presented a larger size than the monomeric CD. CDs and ICs can form aggregates, but in most cases they are small ([@b0140]). In our case, the aggregates of the PGT/RAMEβ-CD ICs did not affect the optical properties of the solutions since they remained transparent.

Electron micrographs of PGT, RAMEβ-CD, physical mixture and IC were obtained ([Fig. 4](#f0020){ref-type="fig"}). PGT (A) presented a form of irregular granules and RAMEβ-CD (B) displayed hollow spherical particles and porous fragments. The physical mixture (C) showed a mixture of PTG and RAMEβ-CD structures. IC (D) morphology, by contrast, was observed like plates/plane structures with regular edges. The comparison of the images reveals that the ICs are structurally distinct from the CD and the physical mixture, which supports the PGT inclusion into the RAMEβ-CD cavity.Fig. 4Electron micrographs of (A) PGT (4000×), (B) RAMEβ-CD (2000×), (C) 1:1 PGT/RAMEβ-CD physical mixture (2000×) and (D) 1:1 PGT/RAMEβ-CD IC (1000×).

3.4. CHT gels with inclusion complexes {#s0095}
--------------------------------------

[Fig. 5](#f0025){ref-type="fig"} shows infrared spectra of CHT gel, IC, CHT gel + IC, Crinone® and PGT. CHT gel + IC spectrum presented the characteristic peaks of their constituent components, with some variations. The band at 3400 cm^−1^ corresponding to the superposition of the ---OH and ---NH stretching vibrations shifted towards 3465 cm^−1^. These groups are involved in the formation of inter and/or intramolecular hydrogen bonds ([@b0105]), therefore the IC could present this type of interaction with the CHT molecule. The vibration of the ---CH and ---CH~2~ groups of the CD in the region between 2800 and 3000 cm^−1^ (2920 cm^−1^) and the peak corresponding to the group ---OCH~3~ (2852 cm^−1^) were observed in the CHT gel + IC spectrum. The intensity of the band at 1650 cm^−1^ corresponding to C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O stretching vibration in amide I, changed after the addition of the IC to the gel. Similar changes were present in the peaks at 1458, 1419 and 1325 cm^−1^ corresponding to ---OH and ---CH bending and C---O stretching of the CHT molecule. In addition, there were significant changes in the spectral shape from 900 to 1250 cm^−1^. The intensity of the bands at 1080 and 980 cm^−1^ decreased and a clear peak appeared at 1222 cm^−1^. The IR spectrum obtained of the PGT agreed with the results reported by other authors ([@b0280], [@b0115], [@b0025], [@b0125], [@b0120]). The peaks corresponding to the stretching of the C---H bond of CH~2~ and CH~3~ groups were observed in the region 2950--2850 cm^−1^. The spectrum also showed the peaks at 1699 and 1662 cm^−1^ of the stretching of the CO. In addition, the peak corresponding to the stretching of the CC bond was noticed at 1614 cm^−1^. Some of the peaks of the PGT appeared in the spectrum of Crinone® which possesses an overly complex matrix to make thorough analysis by this technique.Fig. 5Infrared spectra of PGT (red), Crinone® (blue), CHT gel + IC (light green), IC (green), and CHT gel (grey).

CHT gel, CHT gel + IC and Crinone® electron micrographs were obtained ([Fig. 6](#f0030){ref-type="fig"}). CHT gel (A) presented an open structure characterized by interconnected pores ([@b0085], [@b0100]). On the other hand, the CHT gel + IC (B) presented a microstructure similar to interconnected sheets with bigger pores. The structure of gels did not present important changes with the incorporation of the IC; they showed a good macroscopic consistency and the formation times were not modified in comparison to those of the blank gel. Crinone® (C) presented a smooth morphology with visible PGT crystals embedded throughout the material and absence of pores.Fig. 6Electron micrographs of (A) CHT gel (400×), (B) CHT gel + IC (400×) and (C) Crinone® (800×), scale = 20 μm.

In order to study the stability of the CHT gel + IC and commercial gel in an acid medium (pH = 4.2) similar to *in vivo* condition, gels were placed in simulated vaginal fluid (SVF) at 37 °C. After 30 min, the commercial gel was completely dissolved, while the CHT gel + IC showed greater resistance to degradation at the same time ([Fig. S2](#s0115){ref-type="sec"}). Due to the lack of stability of the commercial gel it was not possible to obtain the variation of the weight over time.

The value of the strain amplitude was set at 0.03 (3%) after checked that all measurements were carried out within the linear viscoelastic region, where G\* is independent of the strain amplitude ([Fig. S3](#s0115){ref-type="sec"}). [Fig. 7](#f0035){ref-type="fig"}(A and B) shows typical frequency dependence of the storage and loss moduli for CHT gel + IC and Crinone® freshly prepared and after 15 min of immersion into SVF (37 °C). The time of immersion was fixed in 15 min taking into consideration that during stability study the commercial gel was completely dissolved after 30 min. All samples showed values of G′ higher than G″ without exhibiting crossing point throughout the frequency range. Both gels can be classified as strong or true gels, because the molecular rearrangements within the network are reduced over the time scales analyzed and G′ is almost independent of the frequency ([@b0205]). Freshly prepared CHT gel + IC and Crinone® samples show similar viscoelastic characteristics, i.e., the samples presented similar values of G′ and G″. After the immersion into SVF, some differences in the viscoelastic characteristics were noted. While the values of the moduli (G′ and G″) of Crinone® decreased, the values of CHT gel + IC slightly increased. These results suggest that CHT gel + IC better preserves its structure and its strong gel characteristic after being exposed to SVF conditions than Crinone®. [Fig. 7](#f0035){ref-type="fig"} (C and D) presents typical curves of complex viscosity as function of frequency. This material function determined under oscillatory shear testing allows the analysis of viscosity behavior of gel-type samples since it is a test that minimally disturbs the material avoiding the gel fracture. It is observed that all samples are shear thinning. However, while Crinone® decreased its viscosity and shear thinning character after the immersion into SVF, the viscosity and shear thinning character of CHT gel + IC increased. These results may indicate that the CHT gel + IC sample with higher viscosity may stay longer inside the vaginal canal.Fig. 7Frequency dependence of the storage (G′) and loss moduli (G″) for Crinone® (A) and CHT gel + IC (B). Curves of complex viscosity as function of frequency for Crinone® (C) and CHT gel + IC (D).

3.5. *In vitro* release experiments {#s0100}
-----------------------------------

Release studies through porcine epithelial mucosa obtained from vaginal tissue were performed on Franz diffusion cells with four different systems in the donor compartment: PGT solution, ICs solution, CHT gel + IC and Crinone®. The accumulated PGT (%) as a function of time (h) was plotted ([Fig. 8](#f0040){ref-type="fig"}). The permeation rate of the PGT in solution was much greater than the rate of the other systems (A).Fig. 8Percentage of accumulated PGT (%) as a function of time (t) for PGT solution, IC solution, Crinone® and CHT gel + IC.

For PGT solution, 49% and 100% of the initial amount of PGT permeated at 24 h and 60 h, respectively. For ICs solution, at 24 h, 15% of the drug was accumulated in the receptor compartment and at the end of the assay (170 h) it reached 89% of PGT. The profiles of PGT and ICs solutions were compared according to a model independent approach utilizing a difference factor (f1) and a similarity factor (f2) using Eqs. [(6)](#e0030){ref-type="disp-formula"}, [(7)](#e0035){ref-type="disp-formula"}, respectively. The profiles were found to be different because f1 was greater than 15 and f2 less than 50 (f1 = 59.6 and f2 = 19.9). It was reported that hydrated CD molecules and ICs are able to penetrate into the lipophilic biological barriers with considerable difficulty ([@b0145]). At the surface of the biological membrane, the drug is released from the IC; therefore, the CD + Drug ↔ IC equilibrium moves to the left as the drug penetrates the membranes ([@b0240], [@b0230]). The partition of the drug from the cavity into the lipophilic barrier could explain the delay in the PGT permeation from ICs solution, with respect to the PGT solution. This result agrees with the consideration that ICs can retard the release of guest molecules, which is a suitable alternative for controlling release.

The amount of PGT permeated from the gels increased slowly along time in a sustained manner (B). However, the diffusion rate from the commercial gel was slightly higher. At 24 h, 8% and 5% of PGT was accumulated from Crinone® and CHT gel + IC, respectively. At the end of the assay, the percentages were 33% and 29% for Crinone® and CHT gel + IC, respectively. f1 and f2 values were 12.0 and 69.5, and indicated equivalence between both gels profiles. In addition, the gels presented a diffusion rate lower than the PGT and ICs solutions, as a result of the presence of the polymeric matrix. There is not only an increase in the pathway that the drug has to migrate to reach the surface of the epithelial mucosa but also two partition equilibriums. In the case of CHT gel + IC, a partition from the CD cavity to the gel and then from the gel to the epithelium. For Crinone®, the first step involves the dissolution of crystals, and then PGT is partitioned into the gel and diffuses to reach the epithelium.

It is noteworthy, that a CHT solution containing complexes between PGT and RAMEβ-CD can form a gel *in situ*, which presents a similar release profile than a commercial formulation. The ICs were well incorporated in the GP solution generating a clear mixture. In the commercial gel the direct incorporation of the hydrophobic hormone leads to the formation of drug crystals ([Fig. 6](#f0030){ref-type="fig"}C) even with the presence of oil components in the formulation. Therefore, the CHT gel + IC shown to be superior in respect to the simplicity of preparation. The ability of CHT to interact with mucus indicates that the residence time of the CHT gel + IC at the vaginal site would be enough to provide localized sustained release of PGT. In addition, vaginal insert based on CHT showed better mucoadhesion than inserts based on carbopol which is one of the main components of Crinone® ([@b0065]). Vaginal irritation and other undesirable effects at the site of application were reported for Crinone®. These effects would be less significant with the CHT gel + IC due to the formulation has fewer inactive ingredients and the biocompatibility of the polymer was showed in vaginal formulations based on the lack of toxicity and absence of inflammatory reactions ([@b0250], [@b0065], [@b0060]). Crinone® is applied as a gel, while the low viscosity of the thermosensitive CHT formulation ensures the capacity of covering the required surface of the tissue resulting in the *in situ* formation of a gel mucoadhesive layer at the physiological temperature.

4. Conclusions {#s0105}
==============

Inclusion complexes of progesterone and randomly methylated β-cyclodextrin were obtained by the freeze-drying method. These complexes were included into the glycerophosphate solution during the preparation of chitosan thermosensitive hydrogels. The chitosan gel with inclusion complexes and Crinone®, which is a vaginal gel used to supplement progesterone in women who have luteal phase defect, were tested *in vitro* in a diffusion assay. This experiment was carried out to evaluate the delivery of the hormone and its diffusion through porcine epithelial mucosa obtained from vaginal tissue. Chitosan gel presented sustained diffusion similar to the exhibited by commercial gel. The use of chitosan gels containing inclusion complexes prepared with progesterone and randomly methylated β-cyclodextrin is proposed as a viable alternative for vaginal hormone delivery. The use of a natural polymer as chitosan and a pharmaceutical ingredient as cyclodextrins could help to avoid side effects associated with the commercial gel.
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[^1]: ^a,b^Different superscript letters in a column indicate statistically significant differences between groups (analysis of variance and Fisher test, p \< 0.05).

[^2]: ^a,b^Different superscript letters in a column indicate statistically significant differences between groups (analysis of variance and Fisher test, p \< 0.05).
